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Obstructive sleep apnea (OSA) patients have increased upper airway nnuscle activity, includ- 
ing such lingual muscles as the genioglossus (GG), geniohyoid (GH), and hyoglossus (HG). 
This adaptation partially protects their upper airway against obstructions. Rodents are used 
to study the central neural control of sleep and breathing but they do not naturally exhibit 
OSA. We investigated whether, in chronically instrumented, behaving rats, disconnecting 
the GH and HG muscles from the hyoid (H) apparatus would result in a compensatory 
increase of other upper airway muscle activity (electromyogram, EMG) and/or other signs 
of upper airway instability. We first determined that, in intact rats, lingual (GG and intrinsic) 
muscles maintained stable activity levels when quantified based on 2 h-long recordings 
conducted on days 6 through 22 after instrumentation. We then studied five rats in which 
the tendons connecting the GH and HG muscles to the H apparatus were experimentally 
severed. When quantified across all recording days, lingual EMG during slow-wave sleep 
(SWS) was modestly but significantly increased in rats with surgically altered upper airway 
[8.6±0.7% (SB) vs. 6.1 ±0.7% of the mean during wakefulness; p = 0.012]. Respiratory 
modulation of lingual EMG occurred mainly during SWS and was similarly infrequent in 
both groups, and the incidence of sighs and central apneas also was similar. Thus, a weak- 
ened action of selected lingual muscles did not produce sleep-disordered breathing but 
resulted in a relatively elevated activity in other lingual muscles during SWS. These results 
encourage more extensive surgical manipulations with the aim to obtain a rodent model 
with collapsible upper airway. 
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INTRODUCTION 

Studies of upper airway control in obstructive sleep apnea syn- 
drome (OSA) patients revealed that upper airway narrowing and 
coUapse during sleep is caused by decrements of activity in upper 
airway dilator muscles ( 1-3). Studies also have demonstrated that 
OSA patients have elevated upper airway motor tone during wake- 
fulness, which allows them to maintain adequate ventilation ( 4-7 ) . 
However, this compensatory increase is diminished during sleep, 
making the airway vulnerable to collapse. OSA affects at least 5% 
of adults (8, 9). It leads to episodic nocturnal hypoxia, sleep loss, 
and sleep fragmentation which, in turn, are major contributing 
factors to cardiovascular and metabolic disorders, and increased 
mortality (10-14). 

Although certain breeds of dogs and cats and rabbits under 
certain experimental conditions exhibit sleep-related upper air- 
way narrowing or collapse (13-17), OSA is an almost uniquely 
human disorder. This is probably due to distinct features of human 
upper airway anatomy, including the absence of a rigid support for 
the hyoid (H) apparatus and elongation of the pharyngeal region 
in association with the development of speech. The scarcity of 
animal models is a challenge for the studies that attempt to cap- 
ture the neuromechanical features important for upper airway 
control in OSA patients and investigate various consequences of 
sleep-disordered breathing. 



Rodents are extensively used to study the central neural control 
of sleep and breathing, but they exhibit no propensity for sponta- 
neous airway obstructions either awake or asleep (18-20). Thus, 
there is a need for a rodent model with anatomically compromised 
upper airway in a way that would bear similarity to the neurome- 
chanical conditions present in OSA patients. Here, we present an 
attempt to develop a rodent model with experimentally weakened 
muscular support of the upper airway and test whether this inter- 
vention leads to increased upper airway muscle tone analogous to 
that seen in OSA patients. 

The extrinsic muscle of the tongue, such as the genioglossus 
(GG), geniohyoid (GH), and hyoglossus (HG), regulate the posi- 
tion and stiffness of the tongue, thereby also protecting the upper 
airway from collapse in OSA patients (3, 21-23). In both rats and 
humans, GH muscle fibers run parallel to the horizontal part of 
the GG muscle (24, 25). Therefore, their co-activation stiffens 
the floor of the mouth. The human HG muscle is classified as 
a tongue retractor, but its other major function is to pull the dor- 
sal surface of the tongue down. As such, a co-activation of HG 
together with GG and GH should further stiffen the pharyngeal 
walls [cf (26)]. Thus, while GG is the main tongue protruder, 
GH and HG muscles can act as its synergist in fulfilment of their 
function to protect the pharyngeal airway from collapse. Both, 
GH and HG are attached on one end to the H bone. Therefore, 
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we hypothesized that disconnecting them from the H apparatus 
would reduce the effectiveness of their contraction and weaken 
the support they provide to the GG muscle. This, in turn, could 
compromise upper airway patency, especially during sleep and, by 
increasing the load on other synergistic muscles that are left intact, 
such as GG, lead to a compensatory increase of their activity. In 
order to test this hypothesis, we quantified lingual muscle elec- 
tromyogram (EMG) during wakefulness, slow-wave sleep (SWS), 
and rapid eye movement sleep (REMS) in control rats and rats 
with GH and HG muscles disconnected from the H apparatus. 
We determined that GG and intrinsic muscle activity in rats with 
GH/HG disconnected from H apparatus was moderately elevated 
during SWS when measured relative to its level during wakeful- 
ness. However, the incidence of transient respiratory instabilities 
and respiratory modulation of lingual muscle activity were similar 
in both groups. A preliminary report has been published (27). 

MATERIALS AND METHODS 

Seventeen adult, male Sprague-Dawley rats obtained from Charles 
River Laboratories (Wilmington, MA, USA) were used. Of those, 
seven animals were excluded when it was determined early after 
instrumentation that the quality or stability of the signals was not 
satisfactory (« = 3) or when histological analysis after completion 
of the study revealed that the recording sites within lingual mus- 
cles were not satisfactorily located near the base of the tongue 
(« = 4). Ten rats with satisfactory lingual recording sites and no 
evidence of malfunction of implanted electrodes were used for 
data analysis. 

At the time of instrumentation, the average body weight of 
the 10 rats included in the study was 344 ± 17 g (standard error - 
SE). All animal handling and surgical procedures were approved 
by the Institutional Animal Care and Use Committee of the 
University of Pennsylvania and followed the guidelines of the 
American Physiological Society for the care and use of animals 
in research. 

INSTRUMENTATION FOR MONITORING OF SLEEP-WAKE BEHAVIOR 
AND EMG ACTIVITY 

The animals were pre-anesthetized with isoflurane (3-5%) fol- 
lowed by ketamine (60 mg/kg, i.m.) andxylazine (7.5 mg/kg, i.m.), 
and then by isoflurane administered through a nose mask (0.5- 
0.8%). They were then instrumented for recording of the cortical 
EEG and lingual, nuchal, and sternal diaphragmatic EMGs. For 
recording from lingual muscles, two 10-stranded, teflon-coated 
stainless steel wires (#AS636; Cooner Wire, Chatsworth, CA, USA) 
were implanted, one on each side, into the tongue near its pharyn- 
geal region, as described previously (28). The recording ends of 
the wires had insulation removed over -0.1 mm. In five animals 
that are thereafter referred to as the "experimental rats," the posi- 
tion of the cartilages comprising the medial-anterior part of the H 
apparatus to which GH and HG muscles are attached was localized 
by palpation and transverse cuts were made approximately 4 mm 
lateral from the midline and 3.5-4.0 mm deep (until the fat and 
epithelium lining up the outer surface of the pharyngeal airway 
was exposed) to severe the tendons connecting the GH and HG 
muscles to the H apparatus. Then, a thin layer of surgical wax 
was inserted in the space opened up by the cut to prevent the 



muscles from re-connecting and the overlying mylohyoid muscle 
was sutured to close the cavity and keep the wax barrier in place. 
An additional five control rats had the connection of the GH/HG 
muscles to the H apparatus left intact. 

For recording of nuchal EMG, two 64-stranded, teflon-coated, 
stainless steel wires (#AS636; Cooner Wire) were sutured to dor- 
sal neck muscles. To record activity of the sternal diaphragm, two 
wires (#AS636) were passed through the sternal diaphragm on 
both sides of the midline and were then anchored to the carti- 
laginous process of the sternum. For monitoring the cortical EEG, 
two screws were attached to the parietal bone, 3 mm posterior and 
2 mm to the right and left of bregma, and an additional screw 
was attached to the frontal bone to serve as electrical reference. 
The wires implanted into the tongue and sternal diaphragm were 
tunneled subcutaneously toward the head and, together with the 
nuchal wires and those attached to the EEG screws, were con- 
nected to a mini-socket (220-9 pin ABS plug. Cinder Scientific, 
Ottawa, ON, Canada) that was subsequently attached to the skull 
with acrylic dental cement. All skin openings were tightly sutured, 
and the animal was given antibiotic (Gentamicin, 5 mg/kg, i.m.), 
stimulant (Yohimbine, 5.0 mg/kg, i.m.), and analgesic (Metacam, 
2 mg/kg, i.m.). 

HABITUATION AND RECORDING PROCEDURES 

On day 5 after instrumentation, each animal was habituated to 
the recording conditions by placing it inside its home cage in 
a ventilated, dimly illuminated, and sound-attenuated recording 
chamber for 2-4 h. Then, on day 6 and thereafter, the animal was 
briefly immobilized to attach the recording cable to the head socket 
and placed in its home cage for recording. During the recording 
on day 6, optimal gains for all signals were established and then the 
first record designated for analysis was collected. The gains were set 
individually for each signal to obtain maximal amplification with- 
out saturation of the amplifiers at times of maximal activity and 
were kept constant during all subsequent recording sessions. The 
EEG and nuchal and diaphragmatic EMGs were recorded differen- 
tially, whereas the signals from each wire implanted into the tongue 
were recorded in a monopolar configuration against a reference 
point on the skull because this allowed for subsequent unequivocal 
identification of each recording site within the tongue. 

Cortical EEG and lingual, nuchal, and diaphragmatic EMGs 
were amplified (Model 8- lOB amplifiers. Grass, Warwick, RI, USA) 
with a bandwidth of 0.3-100 Hz for the EEG and 30-1000 Hz for 
the EMGs. All signals were digitally stored using sampling rates 
of 100 and 1000 Hz, respectively (Power-1401 A/D converter and 
Spike-2 V.7 data acquisition system; Cambridge Electronic Design, 
Inc., Cambridge, England). During data collection, the animal was 
left undisturbed with free access to food and water. With the excep- 
tion of the recording on day 6, all data used in this report were 
obtained from the middle 2h of a 4.0h-long recording session 
conducted between noon and 4 p.m. on days 8, 11, 14, and 22 
after instrumentation. Some of the recordings on day 6 that were 
used for analysis were 1.5h-long because relatively longer time 
was needed to establish satisfactory gains of the amplifiers. The 
first hour of all recordings was excluded from analysis to allow 
the animal to settle down after it was connected to the recording 
system. 
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SIGNAL PROCESSING, SCORING OF SLEEP-WAKE STATES, AND DATA 
ANALYSIS 

Prior to analysis, EEG and EMG signals were digitally filtered using 
a band-pass filter set at 1.25-40 Hz for the EEG, and high-pass fil- 
tered at 125 Hz for the EMGs to eliminate any EEG contamination 
from monopolar recordings of lingual EMG and minimize the 
electrocardiogram present in diaphragmatic EMG. 

Behavioral states were scored in successive 10 s epochs as wake- 
ftilness, SWS, or REMS based on the appearance of the cortical, 
nuchal, and diaphragmatic signals and the simultaneous display 
of the power spectrum of the cortical EEG using sleep-scoring 
software (Somnologica; Medcare, Buffalo, NY, USA). SWS was rec- 
ognized based on the presence of a high-amplitude/low- frequency 
EEG, tonic nuchal EMG at a low level, and regular respiratory 
rate. Recognition of REMS was based on transition of the corti- 
cal EEG to a low- amplitude and high frequency, further reduction 
of nuchal EMG (atonia) with occasional twitches, and irregular 
diaphragmatic activity. To reduce overestimation of EMG levels 
during sleep introduced by large bursts of activity associated with 
awakenings, the epochs in which awakenings occurred were scored 
as SWS or REMS only when these states occupied at least 75% of 
the duration of the epoch; all other epochs were scored according 
to the state that occupied more than 50% of the epoch duration. 
After scoring, root mean square (RMS) values of the EMG signals 
were calculated within successive scoring epochs and exported to 
a spreadsheet together with concurrently calculated cortical EEG 
powers in selected bands (delta-2: 1.25-2.0 Hz; delta- 1: 2.0-4.5 Hz; 
theta: 5.0-8.0 Hz; beta-2: 20-25 Hz). Two procedures were then 
used to verify the accuracy of scoring. First, a hypnogram was 
plotted for the entire recording session together with the plots of 
EEG delta- 1 and theta powers, the beta-2/delta-2 power ratio, and 
the RMS values for nuchal and lingual EMGs. Second, scatter plots 
of RMS values for nuchal and lingual EMGs vs. the beta-2/delta- 
2 band EEG power ratio for all scoring epochs were constructed 
to verify that they exhibit distinct clustering by behavioral states 
(28, 29). Any data points suggesting scoring inconsistencies were 
re-inspected and, if appropriate, scoring was refined accordingly. 
No data segments were removed from the continuous records 
designated for analysis. 

For EMG quantification, the level of signal corresponding to 
electrical noise only was defined as the lowest RMS value among 
all analyzed 10 s epochs in each recording session and this value 
was subtracted from RMS values for all epochs (28). All data sets 
were then sorted by behavioral state and the mean levels of Un- 
gual and nuchal EMGs were calculated separately for wakeftilness, 
SWS, and REMS. To track any systematic changes in EMG activity 
across successive recording days, we analyzed absolute RMS levels 
measured in microvolt second. For additional comparison of the 
levels of EMG activities across the animals and recording days, 
EMG levels during SWS and REMS were also normalized within 
each recording session by their mean levels during wakefulness. 

Quantitative analysis of EMG signals is not conducted often 
and, when this is done, different labs use different methodologies 
that typically are not geared toward analysis of EMG data across 
multiple days in multiple subjects. To date, it has not been deter- 
mined whether EMG signals recorded with chronically implanted 
wire electrodes maintain stable levels across multiple days, which 



is an important requirement if one intends to measure experi- 
mentally induced changes in EMG signals over time and across 
subjects. Therefore, prior to analysis of lingual EMG in rats with 
surgically altered upper airway, we tested whether EMG signals 
exhibited satisfactory stability when recorded on days 6 through 
22 after instrumentation using data from five rats with intact upper 
airway. 

ANALYSIS OF RESPIRATORY MODULATION OF LINGUAL EMG AND 
RESPIRATORY INSTABILITIES 

In consideration of the possibility that respiratory modulation of 
lingual EMG or the incidence of respiratory instabilities might 
be altered by our surgical intervention or depend on the time 
after instrumentation, two recording sessions (days 6 and 22 after 
instrumentation) were examined for the presence of respiratory 
modulation of lingual EMG and the occurrence of various insta- 
bilities of diaphragmatic activity. Respiratory modulation was 
analyzed as described previously (30). Lingual and diaphrag- 
matic EMGs were rectified and integrated (time constants 50 
and 100 ms, respectively), superimposed, and successive 30 s inter- 
vals of each record were sequentially examined. Lingual EMG 
was deemed respiratory-modulated when the integrated diaphrag- 
matic and lingual EMGs exhibited the same rhythm and a fixed 
phase relationship over at least five successive respiratory cycles. 

To detect transient respiratory instabilities, we focused on expi- 
ratory pauses in integrated diaphragmatic activity lasting at least 
2 s (31-33). Once identified, the events were further classified 
as central (when not preceded by any distinct perturbations of 
diaphragmatic activity within at least 5 s), post-sigh (when imme- 
diately preceded by a single inspiratory burst in the diaphragm 
that was at least twice larger than the adjacent bursts), or other 
apneic events preceded within <5 s by complex breath-to-breath 
variations of diaphragmatic activity. We also recorded the occur- 
rence of sighs that were not followed by apneas, but the sigh-like 
events associated with major body movements (large bursts of 
nuchal EMG) that often occur at the time of arousal from sleep 
were excluded from analysis. 

STATISTICAL ANALYSIS 

For normally distributed data sets, repeated measures analysis of 
variance (RM ANOVA), followed by Student's t-test with Holm- 
Sidak correction for multiple comparisons was used to compare 
EMG levels among behavioral states, recording days, and treat- 
ments. For analysis of respiratory modulation of lingual EMG 
and transient breathing instabilities. Student's t-test or Wilcoxon 
signed rank test was used. The variability of the means is character- 
ized by the SE throughout the report. Differences were considered 
significant a.tp< 0.05. 

HISTOLOGICAL VERIFICATION OF LINGUAL RECORDING SITES AND 
EFFECTIVENESS OF SEPARATION OF THE GH/HG MUSCLES FROM THE H 
APPARATUS 

At the end of the study, the animals were deeply anesthetized with 
isoflurane (5%) followed by pentobarbital (Nembutal; lOOmg/kg, 
i.p.) and decapitated. The head was fixed in 10% formalin and 
the tongue was then manually sliced in situ in sagittal plane 
and the locations of the tips of recording wires were identified. 
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These sites were then plotted onto a standard, sagittal cross- 
section of the rat tongue. The entire upper airway segment 
extending from the level below the H apparatus upward to the 
pharynx, including all muscles surrounding the upper airway, 
trachea, and esophagus, was then extracted and serially cut on 
a cryostat (CM 1850, Leica Microsystems, Nussloch, Germany) 
into 35 |J.m parasagittal sections. Sections were stained with neu- 
tral red and inspected to verify that the wax barrier effectively 
prevented GH and HG muscles from re-connecting to the H 
apparatus and compare upper airway anatomy in the intact and 
experimental rats. 

RESULTS 

The rats with GH/HG muscles disconnected from the H appa- 
ratus did not exhibit any overt problems with breathing when 
under anesthesia during instrumentation or thereafter, nor did 
they appear to have any problems with eating or drinking. Between 
the day of instrumentation and the last recording day (day 22), the 
rats with GH/HG muscles disconnected from H apparatus gained 
112 ± 12 g (SE) in body weight, and the rats with the GH/HG con- 
nection intact gained 84.0 ± 8.9 g (not significantly different). The 
somewhat larger body weight gain in experimental rats could be 
related to their lower starting body weight at the time of instru- 
mentation 316 ± 25 vs. 371 ± 16 g for the rats with intact upper 
airway (p = 0.09) and the fact that the rate of body weight gain 
decreases with age. 

In each of the five rats with intact upper airway, one lingual 
recording site was localized in the proximal pharyngeal or basal 
part of the tongue, as intended. In three of the five rats with 
altered upper airway, two recording sites were localized in the 
proximal part of the tongue near its base and one such site was 
found in each of the remaining two rats. To maintain a balanced 
design, with each rat contributing one data set characterizing lin- 
gual EMG, lingual activity recorded from the two rats that had 
both leads satisfactorily placed in the pharyngeal region of the 
tongue was averaged between the two leads and treated as one 
data set. Figure 1 shows the location of all lingual recording sites 



in the control rats (five sites in five animals) and the rats with 
GH/HG muscles disconnected from H apparatus (eight sites in 
five animals). 

STABILITY OF LINGUAL AND NUCHAL EMGs ON SUCCESSIVE 
RECORDING DAYS AFTER INSTRUMENTATION IN RATS WITH INTACT 
UPPER AIRWAY 

Figure 2 shows polygraphic records of lingual and nuchal EMGs 
and cortical EEG with the corresponding hypnograms that span 
2 h obtained from the same animal on days 6 and 22 after instru- 
mentation. The records demonstrate a close similarity of the 
amplitudes and patterns of all signals recorded from the same 
animal 16 days apart. The sleep-wake pattern (hypnogram) on 
day 6 is also similar to that on day 22. The gray vertical lines in 
Figures 2A,B mark the segments of record shown in Figures 2C,D 
using expanded gains and time scales. The expanded segments 
show EEG and EMG signals during SWS when lingual EMG is 
very low or absent, nuchal EMG is steady at low tonic level, and 
cortical EEG is of high amplitude. As such, these records demon- 
strate that the electricsil noise level and the signal levels were of 
comparable amplitudes on both recording days. 

Figure 3A illustrates the mean lingual and nuchal EMG levels 
quantified separately during different sleep-wake states and the 
percentage amounts of wakefulness, SWS, and REMS in one rat 
across all five recording sessions conducted on days 6 through 22 
after instrumentation (same animal as in Figure 2). The mean lev- 
els of lingual EMG during wakefulness varied among the recording 
sessions by not more than 45% of the mean across all days and there 
was no systematic, time-dependent trend (Figure 3A, top panel). 
It is of note that the mean lingual EMG was at its lowest level con- 
sistently during SWS, whereas during REMS it increased as a result 
of frequent large twitches that characterize lingual activity during 
this state (28, 29, 34). Similarly, nuchal EMG measured during 
wakefulness varied from day to day by <28% of the mean across 
all days (Figure 3 A, middle panel). The percentage amounts of 
different behavioral states varied only slightiy among the record- 
ing days except a relatively larger amount of wakefulness on day 




1 mm 



FIGURE 1 I Location of the recording sites in the tongue in the rats of 
this study. Tine sites were localized post-mortem and superimposed on a 
standard sagittal cross-section of the rat tongue. Lingual EMG signals 
recorded from eight sites in five rats with GH/HG muscles disconnected 
from H apparatus (filled circles) and from five recording sites in five rats 



with intact upper airway (open circles) were analyzed. When signals from 
two sites in the same animal were available, the mean EMG levels 
recorded from the two sites were averaged to ensure that each animal 
contributed evenly to the group mean data. The numbers identify different 
animals. 
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FIGURE 2 I Examples of polygraphic records collected on days 6 and 22 
after instrumentation from a rat with intact upper airway (rat 17 in 
Figure 1). (A,B) Continuous records of lingual and nuchal EMGs and cortica 
EEG, and the corresponding hypnograms spanning the entire analyzed 
recording periods (2 h). Periods with low levels of lingual and nuchal EMG 
during quiet wakefulness and sleep are interrupted by intense bursts of 



activity associated with active wakefulness. (CD) Nine minutes-long 
segments of the records marked by the vertical gray lines in (A,B) shown 
using expanded time and amplitude scales. The segments are taken from 
SWS periods when lingual muscles are atonic or nearly atonic. The records 
demonstrate a close similarity of activity patterns, sleep-wake patterns, and 
noise levels recorded from the same animal 16 days apart. 



22 (11-38% for wakefulness, 50-70% for SWS, and 13-22% for 
REMS; Figure 3 A, bottom panel). 

As illustrated for one animal in Figure 3A, the average lin- 
gual and nuchal EMGs calculated across aU five rats with intact 
upper airway shown in Figure 3B also were quite stable across all 



recording days. For all five control rats, the mean lingual EMG 
levels measured in microvolt second varied across all five record- 
ing sessions from 35 ± 7 on day 22 to 45 ± 9 on day 8 during 
wakefulness, from 1.9 ±0.3 on day 6 to 2.7 ±0.6 on day 8 for 
SWS, and from 8.7 ± 2.5 on day 22 to 12 ± 3.9 on day 6 for REMS 
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FIGURE 3 I Stable levels of lingual and nuchal EMGs across 
successive recording days in rats with intact upper airway. 

(A) Lingual and nuclial EMG levels quantified separately during different 
sleep-wake states, and the percentage amounts of wakefulness, SWS, 
and REMS in one rat across all five recording sessions conducted on 
days 6, 8, 11, 14, and 22 after instrumentation (rat 17 in Figure 1). 



(B) Average levels of lingual and nuchal EMG, and the mean percentage 
amounts of wakefulness, SWS, and REMS in five rats with intact upper 
airway studied on the same 5 days after instrumentation. There was no 
systematic, time-dependent trend in the levels of lingual or nuchal 
EMGs, or the amount of sleep-wake states across the 16 days 
separating the first and last recording session. 
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(top panel). The levels of lingual EMG measured in absolute units 
within each behavioral state did not differ among the recording 
days (one-way RM ANOVA and Friedman RM ANOVA on ranks), 
and no systematic trend was evident. The mean levels of lingual 
EMG across all five recording days for all five rats were (in micro- 
volt second): 42.0 ± 3.8 for wakefulness, 2.3 ± 0.3 for SWS, and 
12.2 ±1.6 for REMS. 

The mean nuchal EMG in the five control rats measured in 
microvolt second varied across all five recording sessions from 
17 ± 2 on day 11 to 25 ± 4 on day 22 during wakefulness, from 
2.6 ±0.3 on day 11 to 3.7 ±1.1 on day 22 for SWS, and from 
1.4 ± 0.2 on day 1 1 to 1.8 ± 0.4 on day 6 for REMS (Figure 3B, 
middle panel). One-way RM ANOVA applied separately to data 
during wake, SWS, and REMS did not reveal any significant differ- 
ences in nuchal EMG levels among the recording days. The mean 
levels of nuchal EMG across all five recording days for all five rats 
were (in microvolt second): 21.4 ±1.6 for wakefulness, 2.9 ± 0.25 
for SWS, and 1.6 ± 0.2 for REMS. 

The average percentage amounts of different behavioral states 
did not differ across the recording days (one-way RM ANOVA). 
The range of the average percentages of recording time spent in dif- 
ferent behavioral states varied from 14 ± 2% on day 14 to 25 ± 7% 
on day 22 for wakefulness, from 55 ± 4% on day 22 to 65 ± 2% on 
day 14 for SWS, and from 19 ± 3% on day 8 to 21 ± 2% on day 14 
for REMS (Figure 3B, bottom panel). 

LINGUAL AND NUCHAL EMG LEVELS ACROSS BEHAVIORAL STATES 
AND TIME AFTER INSTRUMENTATION IN RATS WITH GH AND HG 
MUSCLES DISCONNECTED FROM THE H APPARATUS 

Five rats had the tendon connecting the GH/HG muscles to H 
apparatus surgically severed at the time of instrumentation and 
a wax barrier inserted to prevent re-connection. Figure 4 illus- 
trates parasagittal sections through the upper airway of a control 
rat (Figure 4A, rat 11 of Figure 1) and a surgically altered rat 
(Figure 4B, rat 8 of Figure 1). In all rats with altered upper airway, 
the wax barrier remained in place, and GH/HG muscles ended with 
a healed scar with no evidence of re-connection to their original 
insertion site. 

Similarly to the rats with intact upper airway (Figures 2 and 3), 
lingual and nuchal EMGs of the rats with altered upper airway 
were stable across all recording days. Figure 5A shows the mean 
lingual and nuchal EMG levels quantified separately during differ- 
ent sleep-wake states and the percentage amounts of wakefulness, 
SWS, and REMS across all five recording sessions conducted on 
days 6 through 22 after instrumentation in one rat with altered 
upper airway (rat 15 of Figure 1). Lingual EMG during wakeful- 
ness varied from day to day by not more than 18% of the mean 
across all days (top panel), and nuchal EMG by not more than 
24% (middle panel). In this rat, the percentage amounts of differ- 
ent behavioral states varied only slightly except the relatively larger 
amount of wake on day 6 and an increasing trend for REMS across 
all days. The percentage amounts of different vigilance states on 
different recording days were: 12-35% for wakefulness, 50-64% 
for SWS, and 15-32% for REMS (bottom panel). 

For all five rats with altered upper airway, the mean lingual 
EMG measured in microvolt second varied among the recording 
sessions from 3 1 ± 5 on day 22 to 38 ± 9 on day 8 for wakefiilness, 



from 2.5 ± 0.7 on day 14 to 3.4 ± 1.1 on day 6 for SWS, and from 
7.2 ± 1.2 on day 6 to 1 1 ± 4.2 on day 8 for REMS (Figure 5B, top 
panel). When compared within different behavioral states, lingual 
EMG levels did not differ among the recording days (one-way RM 
ANOVA and Friedman RM ANOVA on ranks). The mean levels of 
lingual EMG across all five recording days for all five rats were (in 
microvolt second): 35.4 ± 3.0 during wakefulness, 2.9 ± 0.3 during 
SWS, and 9.2 ± 1.2 during REMS. 

The mean nuchal EMG measured in microvolt second varied 
among the recording sessions from 24 ± 1 on day 8 to 29 ± 5 on 
day 22 for wakefulness, from 3.7 ± 0.5 on day 6 to 6.9 ± 2.8 on 
day 22 for SWS, and from 1.4 ± 0.2 on day 6 to 2.8 ± 0.5 on day 
14 for REMS (Figure 5B, middle panel). There was a trend for a 
gradual increase of nuchal EMG during SWS between days 6 and 
22 after instrumentation. One-way RM ANOVA revealed signif- 
icant effect of recording day on the level of nuchal EMG during 
REMS (-F4,4,i6 = 3.88, p = 0.02), which was due to a particularly 
high level of nuchal EMG on day 14 when compared to day 6 
(f = 3.411, p = 0.04). No such trends occurred in the rats with 
intact upper airway (Figure 3B, middle panel). The mean levels of 
nuchal EMG across all five recording days for all five rats were (in 
microvolt second): 25.2 ± 1.7 for wakefulness, 5.1 ± 0.7 for SWS, 
and 2.1 ±0.2 for REMS. 

The average percentage amounts of different behavioral states 
did not differ among the recording days in the rats with altered 
upper airway (one-way RM ANOVA). The mean percentages of 
recording time spent in different behavioral states varied from 
16 ± 1% on day 11 to 21 ± 5% on day 6 for wakefulness, from 
57 ± 4% on day 6 to 61 ± 3% on day 1 1 for SWS, and from 22 ± 3% 
on day 6 to 25 ± 2% on day 22 for REMS (Figure SB, bottom 
panel). 

COMPARISON OF LINGUAL AND NUCHAL EMG LEVELS ACROSS 
BEHAVIORAL STATES AND TIME AFTER INSTRUMENTATION IN RATS 
WITH INTACT AND ALTERED UPPER AIRWAY 

There was no difference across the recording sessions in the 
amounts of wake, SWS, or REMS between the intact and exper- 
imental animals. Two-way RM ANOVA applied to lingual EMG 
levels measured in absolute units during wakefulness, SWS, and 
REMS across all rats and all recording days did not reveal any sig- 
nificant effects of surgical intervention. Nevertheless, it is of note 
that the rats with GH/HG muscles disconnected from the H appa- 
ratus tended to have relatively lower levels of lingual EMG and 
relatively higher levels of nuchal EMG during wakefulness than 
the control animals. Nuchal EMG also was significantly higher in 
the experimental rats during SWS (5.1 ±0.7 vs. 2.9 ± 0.25 [iVs, 
p = 0.004, df = 47, t-test), whereas this difference was not signifi- 
cant for lingual EMG (Figures 6A,B). These trends and differences 
in absolute levels of lingual and nuchal EMGs between the two 
groups may have reflected different reactions of these muscles to 
the surgical intervention (see Discussion). 

The differences in absolute EMG levels may have also con- 
tributed to the differences between the two groups detected when 
lingual and nuchal EMG levels during SWS and REMS were mea- 
sured relative to their levels during wakefiilness (Figures 6C,D). 
When such a relative calculation was used and data from all five 
recording sessions from all rats in each group were averaged, the 
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FIGURE 4 I Examples of parasagittal cross-sections through the 
upper airway in an intact rat [(A); rat 11 in Figure 1] and a rat with 
the GH/HG muscles disconnected from the H apparatus [(B); rat 8 
in Figure 1].TIie bottom panels show enlarged images of the region 
where the cut was made and wax barrier inserted to prevent 



re-connection in the rats with compromised upper airway. In all rats 
with altered upper airway, the wax barrier remained in place and 
GH/HG muscles ended with a healed scar [black circle around the 
lesion in the enlarged image in (B)], with no evidence of re-connection 
to their original insertion point. 



mean relative level of lingual EMG was significantly higher during 
SWS in the rats with altered upper airway when compared to the 
control animals (8.6 ±0.7 vs. 6.1 ±0.7%, p = 0.012, df=47, f- 
test). The relative levels of nuchal EMG during SWS also tended to 
be higher in the experimental rats 19.7 ±1.4 vs. 15.8 ± 1.8%, but 
the difference was not statistically significant {p = 0.09, df = 47, 
f-test). When the relative levels of lingual and nuchal EMGs dur- 
ing SWS were compared by first calculating the means across all 
recording sessions within each rat and then comparing the means 
between the groups of five control and five experimental rats, there 
was only a trend for a higher relative lingual EMG level in experi- 
mental rats (8.6 ± 1.4 vs. 6.2 ± 0.9%, p = 0.08, df = 8, (--test), and 
no evidence of such an effect for nuchal EMG (19.7 ±1.3 vs. 
16.2 ±3.8%, p = 0.4, df=8, t-test). The corresponding analysis 
of the effect of surgical intervention on the levels of lingual and 
nuchal EMGs during REMS did not reveal any significant effects 
(Figures 6C,D). 



INSPIRATORY MODULATION OF LINGUAL EMG IN RATS WITH INTACT 
AND ALTERED UPPER AIRWAY 

In chronically instrumented, intact rats, respiratory modulation 
of lingual EMG is usually of the inspiratory type but occurs rela- 
tively rarely (30). We hypothesized that our surgical intervention 
could increase the occurrence of inspiratory modulation of lingual 
EMG. However, our analysis revealed that the incidence of inspira- 
tory modulation was similar in both groups of animals. Figure 7A 
shows the distribution of inspiratory-modulated segments of lin- 
gual EMG during 2 h-long recording sessions obtained from rat 
17 of Figure 1 on day 22 after instrumentation, and Figure 7B 
illustrates an example of a segment of record from the session 
illustrated in Figure 7A during which inspiratory modulation 
appeared and then faded away during a period of SWS. 

In the control rats, the cumulative duration of inspiratory- 
modulated segments per hour of recording varied from 1.5 to 
697 s [mean 140 ± 96 s; median 7.0 s, inter-quartUe range (IQR) 
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FIGURE 5 I Stable levels of lingual and nuchal EMGs across successive 
recording days In rats with GH/HG muscles disconnected from the H 
apparatus. (A) Lingual and nuchal EMG levels quantified separately during 
different sleep-wake states, and the percentage amounts of wakefulness, 
SWS, and REMS in one rat across all five recording sessions conducted on 
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levels of lingual and nuchal EMG, and the mean percentage amounts of 
wakefulness, SWS, and REMS in the five rats with compromised upper 
airway studied on the same 5 days after instrumentation. Within this data set, 
the level of nuchal EMG during REMS was higher on day 14 when compared 
to day 6 (p = 0.04); other than that, no significant effects of the recording day 



days 6, 8, 11 , 14, and 22 after instrumentation (rat 15 in Figure 1). (B) Average were detected. 
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FIGURE 6 I The mean lingual and nuchal EMG levels during different 
sleep-wake states in control rats and rats with GH/HG muscles 
disconnected from H apparatus. Wtnen quantified in absolute units, both 
ingual (A) and nuchal (B) EMGs had similar characteristic patterns of mean 
levels of activity across wakefulness (W), SWS, and REfVlS in the control 
and experimental rats, with only nuchal EMG measured during SWS being 
significantly higher in the experimental than in the control rats. The rats 
subjected to surgical intervention tended to have reduced lingual EMG and 
elevated nuchal EMG during W, suggesting a protective reaction to the 



injury applied to the ventral neck region. When lingual and nuchal EMG 
levels during sleep were quantified relative to their levels during 
wakefulness (C,D), lingual EMG during SWS was significantly higher in the 
rats with altered upper airway when compared to control rats, whereas 
there was only an insignificant trend in this direction for nuchal EMG. See 
text for alternative interpretations of this finding. Bars show average data 
derived from 24 recording sessions with 5 control rats and 25 recording 
sessions with 5 experimental rats, ns - not significant difference between 
the control and experimental rats. 



2.8-182.6 s], and the frequency of segments was 5.6 ± 2.5 h ^ 
(median 2.5 h"', IQR 0.88-11. 38h"^). In the experimental rats, 
the cumulative duration per recording hour varied from Os (one 
animal did not have a single segment of inspiratory-modulated 
lingual EMG in either recording session) to 136 s (mean 25 ± 16 s; 
median 8.3 s, IQR 1.3-23.3 s), and the frequency of segments 
was 2.3±1.0h-i (median l.8h-\ IQR 0.25-3.0 h^^). Neither 
the cumulative duration nor the frequency of occurrence of 
inspiratory-modulated segments differed between the control and 
experimental rats (p = 0.61 and 0.28, respectively). 

The total duration of all inspiratory-modulated segments was 
41min and 21s, corresponding to 2.4% of the entire dura- 
tion of the examined records (29 h). This time comprised 110 
separate segments with inspiratory-modulated lingual EMG of 
which nearly all (100 segments, or 90.9%) occurred during SWS 
(Figure 7). Typically, inspiratory modulation started with a delay 
after the onset of SWS and ended at or before the end of the same 
SWS episode. 

RESPIRATORY INSTABILITIES IN RATS WITH INTACT AND 
COMPROMISED UPPER AIRWAY 

The incidence of different categories of respiratory instabilities 
was compared among the recording days and experimental and 
control groups during wakefulness, SWS, and REMS. There was 
no effect of the recording day, and we found no difference between 
the rats with intact and compromised airway. Figure 8 shows 



an example of two successive apneas lasting longer than 2 s that 
occurred during a REMS period. 

The total number of all distinct events identified on both 
recording days in both groups of animals during a total of 36 h 
of analyzed recordings was 338. Qf those, 230 were apneas pre- 
ceded by complex diaphragmatic breath-to-breath variability; they 
were most common during wakefulness (203; mean 23 ± 2.7 per 
animal; range 12-36) and much less frequent during SWS (20; 
mean 2.2 ± 0.8; range 0-7) or REMS (7; mean 0.8 ± 0.3; range 0- 

3) . Similarly, most post-sigh apneas occurred during wakefulness 
(34; mean 3.8 ± 1.6; range 0-13), and only a few during SWS (9; 
mean 1.0 ±0.5; range 0-4) or REMS (4; mean 0.4 ±0.3; range 
0-3). The mean frequency of all types of apneas during REMS 
was 6.3 ± 2.1 h^', and the mean frequency of apneas during sleep 
(SWS + REMS) was 2.0 ± 0.5 h" ' . The latter was similar to an ear- 
lier report (31). The total number of sighs not followed by apneic 
events was 61. Qf those, 44 occurred during wakefulness, 1 3 during 
SWS, 3 during REM, and 1 at awakening from SWS. The total num- 
ber of apneic episodes not preceded by sigh or other diaphragmatic 
perturbations was 61, with the highest incidence of such events 
during REMS (46; mean 5.1 ± 1.6; range 0-13), and much lower 
incidence during either wakefulness (9; mean 1.0 ± 0.4; range 0- 

4) or SWS (6, mean 0.8 ± 0.3; range 0-2). Among the 46 apneic 
episodes observed during REMS, 30 (mean 6.0 ± 2.3; range 2- 
13) occurred in rats with compromised airway and 16 in intact 
rats (mean 4.0 ± 2.4; range 0-11) but the trend toward a higher 
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FIGURE 7 I Respiratory modulation of lingual EMG was rare and occurred 
mainly during SWS. (A) Distribution of inspiratory-modulated segments of 
lingual EMG in relation to sleep-wake states in a 2 h-long recording sessions 
obtained on day 22 after instrumentation (rat 17 of Figure 1). Positions of the 
segments with respiratory modulation (RM) of lingual EMG are marked by 
vertical lines above the hypnogram. The RM segments occurred mainly during 
SWS, lasted 2.4-62.2 s, and collectively occupied 2.4% of the entire recording 



session. (B) Example of a record from the session illustrated in (A) during 
which inspiratory modulation appeared and then faded away during a period 
of SWS. The record is 44s-long and shows the raw and integrated lingual and 
diaphragmatic (Dia) EMGs. Superposition of the integrated EMGs from both 
muscles (bottom trace) reveals that lingual EMG is inspiratory-modulated with 
a stable phase relationship relative to diaphragmatic activity during the 
32s-long period marked by the horizontal bar at the bottom. 
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FIGURE 8 I Example of two successive central apneic events during 
REIMS. The traces show a 56s-long record of the raw and integrated 
diaphragmatic EMG, raw lingual and nuchal EMGs and EEG. Arrows 



point to two apneas longer than 2 s. The record was collected on day 22 
after instrumentation from a rat with altered upper airway (rat 10 in 
Figure 1). 



incidence of apneic episodes in rats with compromised airway was activity during SWS when quantified relative to the mean level 
not statistically significant. of activity during wakefulness. The increase was relatively mod- 

est and not associated with increased respiratory modulation of 
DISCUSSION lingual muscle activity or increased occurrence of instabilities of 

We found that surgical disconnection of the GH and HG muscles respiratory rhythm, indicating that the surgical intervention tested 
from the hyoid apparatus results in an increase of lingual muscle did not significantly compromise upper airway patency. We also 
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found that the incidence of central apneic episodes was highest 

during REMS, whereas other types of apneas (post-sigh and those 
following complex variations of diaphragmatic activity), as well as 
sighs not followed by apnea were mostly frequent during wakeful- 
ness. In the course of this study, we also determined that recordings 
from upper airway and nuchal muscles conducted repeatedly over 
a period from 6 to 22 days after instrumentation using chronically 
implanted wire electrodes yield consistent day-to-day measures of 
EMG activity levels, thus the approach can be used for longitu- 
dinal, quantitative studies combined with interventions that may 
elicit systematic changes in muscle activity. 

LINGUAL MUSCLE ACTIVITY ACROSS SLEEP-WAKE STATES IN RATS 
WITH INTACT AND COMPROMISED UPPER AIRWAY 

Most animals used as models in OSA-related studies do not have 
collapsible upper airway and do not experience sleep-related upper 
airway obstructions. Since rodents (rats and mice) are commonly 
used to study the neural control of sleep and breathing, there is 
a great need to develop a satisfactory model of OSA in rodent 
species. It has been shown that obese rats and mice have narrower 
and more collapsible upper airway than their lean counterparts 
(18, 19, 35), and one study suggested that rats sleeping in a 
tightly curled position may experience flow limitation because 
this body position was associated with more pronounced appear- 
ance of inspiratory modulation of lingual EMG (36). However, to 
date, there is no evidence that spontaneous, sleep-related obstruc- 
tive events occur in rodents. Furthermore, recordings of lingual 
EMG from obese Zucker rats did not reveal an increased level of 
upper airway muscle tone when compared to lean rats, as would 
be expected should the increased fat accumulation lead to sig- 
nificant flow limitations that would necessitate stronger muscle 
contraction to maintain the patency of the upper airway (20). 

The GH and HG muscles due to their anatomical location 
provide a passive mechanical support to the upper airway in the 
pharyngeal region and act synergistically with the GG when the 
upper airway needs active support. Accordingly, we reasoned that 
disconnecting GH and HG muscles from their attachment to the 
H apparatus would make the upper airway of a rat more col- 
lapsible and potentially impose additional demand on the force 
exerted by the GG muscle. We determined that, when quantified 
across all recording days relative to the mean activity level during 
wakefulness, lingual EMG was modestly but significantly increased 
during SWS in surgically altered rats when compared to the control 
group. One possible interpretation of this result is that a weakened 
support of the upper airway caused by our surgical intervention 
elicited a compensatory increase of activity in other synergistic 
muscles that were left intact. However, the increase of lingual EMG 
that we detected during SWS in the rats with compromised upper 
airway was significant only when the level of activity was expressed 
relative to the level of activity during wakefulness. Furthermore, 
although the augmentation detected by this metrics represented 
a 38% increase when compared to the control rats, its magnitude 
in absolute units was small. By comparison, GG activity in severe 
OSA patients measured during wakefulness is about four times 
higher than in age- and body weight-matched control subjects 
(5), and sternohyoid muscle activity in English bulldogs measured 



during SWS is nearly three times higher than in control dogs (37). 

Interestingly, upper airway muscle tone was also acutely reduced in 
OSA patients by graded mandibular advancement when measured 
during wakefulness (38). Thus, there are both central and reflex 
mechanisms that mediate the compensatory changes in the level 
of upper airway muscle tone that can be elicited by experimental 
manipulations such as recurrent hypoxia or flow limitation, and 
their dynamic range seems to be larger that the effects observed in 
our present study. 

Our assessment of the incidence of inspiratory modulation of 
lingual EMG and respiratory rhythm perturbations (apneas) also 
did not indicate that the intervention that we tested resulted in 
significant flow limitations, let alone obstructions. It is possible 
that the cuts that we made were insufficient to reach a threshold at 
which upper airway becomes vulnerable to collapse. An analogous 
situation has been reported in experiments with balloons inserted 
into the lateral walls of the upper airway in mini pigs with the goal 
to experimentally produce flow limitations (39). In those experi- 
ments, respiratory perturbations occurred only after the balloons 
were inflated above a threshold volume. In our experiments, the 
muscles and other tissues surrounding the upper airway that were 
left intact must have been sufficient to ensure the stability and 
patency of the upper airway despite the cut of the connection 
between the GH and HG muscles and the H apparatus. It is also 
possible that multiple muscles participated in the compensatory 
reaction to our surgical intervention, as it is the case in patients 
with anterior cruciate ligament injuries in whom multiple mus- 
cles partially contribute to the compensatory changes in muscle 
activation during locomotion (40). Indeed, the changes revealed 
by our analysis of the absolute levels of lingual and nuchal EMGs 
in experimental rats (Figures 6A,B) suggest that our intervention 
might have caused a reduced use of ventral neck muscles [as a 
protective reaction to injury; cf Ref (26)] with a concomitant 
increase of the use of dorsal neck muscles (nuchal EMG). This 
form of adjustment would be expected to occur primarily during 
wakefulness. Accordingly, our finding that the rats subjected to sur- 
gical intervention had increased lingual EMG during SWS when it 
was quantified relative to the level of activity during wakefulness 
could be primarily due to reduced hngual muscle activation during 
wakefulness in experimental rats (Figure 6A). This effect was not 
evident for nuchal EMG because its absolute levels were elevated 
during both wakefulness and SWS (significant during SWS only; 
Figure 6B). This interpretation would be consistent with elevated 
activation of dorsal neck muscles representing a protective mech- 
anism in the face of injury inflicted onto ventral muscles in the 
neck region. 

Thus, there are alternative explanations for our findings, but 
it is also of note that the rats well-tolerated what appeared to be 
a relatively extensive interference with the ability of GH and HG 
muscles to exert their functions. This encourages more extensive 
surgical attempts to weaken the mechanical support of the upper 
airway in rodents to produce a collapsible airway. Based on our 
present study, additional efforts are worth undertaking to find the 
most effective approach to generate a rodent model with upper 
airway patency significantly compromised in a state-dependent 
manner. 
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RESPIRATORY MODULATION OF LINGUAL ACTIVITY AND RESPIRATORY 
INSTABILITIES 

Inspiratory modulation of upper airway muscle activity is stronger 
in subjects with clinical and subclinical OSA than in persons with 
fully patent upper airway (4, 7, 21, 23, 41). This is a beneficial 
adaptation that protects the upper airway from collapse at the 
time when negative intraluminar pressure exerts centripetal force 
on the airway walls (5, 22). In rats, respiratory modulation can 
be elicited by chemical stimulation of breathing, direct activa- 
tion of XII motoneurons or vagotomy (2), but it occurs rarely 
under the normal, baseline conditions (28, 30, 36). Consistent 
with a more extensive analysis of respiratory modulation of lin- 
gual EMG in Sprague-Dawley and Wistar rats presented elsewhere 
(30), in this study we also observed that inspiratory modula- 
tion occurred mainly during SWS. Since we did not observe any 
increased incidence of respiratory modulation of lingual EMG in 
rats with altered upper airway, this further suggests that our sur- 
gical intervention did not significantly compromise upper airway 
patency. 

Respiratory pauses have been quantified in rats as markers of 
instability of the central respiratory rhythm generator akin to cen- 
tral apneas (31-33, 42). In the present study, we found that apneic 
episodes that were not preceded by sighs or other diaphragmatic 
perturbations occurred most frequently during REMS. This con- 
firms previous studies in rats showing the highest incidence of 
spontaneous apneas during REMS (32, 43, 44). This is also in 
accordance with clinical observations in tracheostomized human 
OSA patients in whom central apneas are particularly common 
during this stage of sleep (45). We also found that, unlike the 
spontaneous apneas, apneas preceded by multiple diaphragmatic 
perturbations, post-sigh apneas, and sighs without apnea were 
most common during wakefulness, less frequent during SWS, 
and rare during REMS. Thus, apneic events of distinct types and 
sighs have different patterns of their sleep-wake state-dependence. 
Importantly for the main purpose of this study, the rats with 
altered upper airway had a similar incidence of apneic events as 
the control rats. Thus, the detachment of the GH and HG muscles 
from the H apparatus did not cause breathing instabilities. 

CONCLUSION 

A weakened support of lingual muscles produced by detaching 
the GH and HG muscles from the H apparatus resulted in a mild 
increase of lingual muscle activity during SWS when quantified 
relative to activity during wakefulness. The rats well-tolerated 
the intervention, which encourages further manipulations with 
rodent upper airway with the aim to obtain a rodent model with 
collapsible upper airway. 
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